ABSTRACT Termite alates presumably do not mate in their natal nest or during a swarming event. Rather, after ßight, females and males lose their wings, pair, and select a nest site, with mating typically taking place in the incipient nest. In this study of Reticulitermes flavipes (Kollar) (Isoptera: Rhinotermitidae), histology and other techniques were used to assess reproductive features of female and male imagos, including unßown alates, ßown alates, and the primary pair in incipient and wellestablished (5-yr-old) colonies. The spermathecae of female ßown alates were devoid of spermatozoa, as expected, but the lumen contained a mucus-like substance. Histochemical tests revealed that this substance was intensely stained by periodic acid-Schiff, which is diagnostic for mucopolysaccharides. This is the Þrst study to conÞrm that termites possess a mucopolysaccharide secretion in the spermathecal lumen. The secretion may serve as a sperm energy source as has been suggested for some other insects. Transmission electron microscopy subsequently revealed the presence of a semiopaque secretory material in the spermathecal lumen and associated ductules of ßown and unßown alates as well as queens. Unßown female alates showed the least reproductive development in terms of spermathecal diameter and terminal oocyte size. Unßown male alates similarly possessed less developed reproductive organs than the kings.
In the Isoptera, the alate typically is the only stage to disperse from the parent colony. Flight is the most effective way for alates to disperse from their parental colony, and it also enables out-breeding (reviewed by Jones et al. 1988) . During the postßight period, male and female alates shed their wings, then these dealates exhibit calling and tandem behavior, locate a suitable nest site, and construct a nuptial chamber (reviewed by Nutting 1969) .
Mating occurs after termites have paired, typically after nest construction has been completed. In Reticulitermes flavipes (Kollar) (Rhinotermitidae), spermatozoa were not observed in the spermathecae of ßown alates but were present in 10-d-old paired dealates (Dean and Gold 2004) . In other rhinotermitids, Grassé (1942) reported that pairs of Reticulitermes lucifugus (Rossi) mated the day after completing the initial nest cell; Weesner (1956) found that Reticulitermes hesperus Banks imagos mated 13 h after being placed in laboratory cultures. Imagos of Coptotermes formosanus Shiraki mated as many as three times in the 24 h after ßight and pairing, with each mating event lasting an average of 28 s (Raina et al. 2003) . These young queens began laying eggs 2 d after mating.
Using light microscopy, Costa-Leonardo and Patricio (2005) studied the structure of the spermatheca in imagos of Þve termite families. They reported that the spermathecal epithelium was composed of a single layer of prismatic cells with characteristics of class 3 secretory cells (classiÞcation of Quennedey 1974, 1991) . In some species, these cells were observed to have cuticular channels with welldeÞned openings into the spermathecal lumen, providing supporting evidence for their secretory function. Furthermore, Costa-Leonardo and Patricio noted "a clear and homogeneous secretion" in the spermathecal lumen of imagos of a termopsid, Zootermopsis nevadensis (Hagen). They reported that a similar "secretion in the lumen" was present in some termite species but not others. For example, in the rhinotermitids that they examined, an apparent secretion was reported for Heterotermes tenuis (Hagen), but no secretion was evident in Reticulitermes virginicus (Banks) and Coptotermes gestroi (Wasmann). However, Costa-Leonardo and Patricio conducted no diagnostic tests to verify the nature of this secretion.
The purpose of this study was to assess the development of the reproductive organs of R. flavipes imagos, including unßown alates, ßown alates, and primary reproductives, with particular emphasis on females. Histochemical methods with light microscopy were used to determine the chemical composition of a mucus-like substance contained in the spermatheca. In addition, transmission electron microscopy was used to study some aspects of the ultrastructure of this sperm storage organ.
Materials and Methods
Experimental Insects. In May 2007, ßown alates of R. flavipes were collected from two outdoor locations, including a residential landscape in Galena, OH (Delaware Co.) and on The Ohio State University (OSU) campus, Columbus, OH (Franklin Co.). In addition, unßown alates were collected from landscaping mulch at the latter location. In May 2008, unßown alates of R. flavipes were collected from Jackson, OH (Jackson Co.); those that ßew of their own accord while being held in the laboratory were considered to be ßown alates. Female and male alates were separated in the laboratory as soon as practical, typically Ͻ1 h to 1 d after collection. They were sexed based on physical examination of their terminal sternites (Weesner 1969) .
Imagos also were obtained from colonies that were established and maintained in the laboratory. Incipient colonies were established in May 2007 and May 2008, with alates from the OSU site and the Jackson site, respectively. Each incipient colony consisted of a male and female pair. Each pair was housed in a circular container (diameter, 5 cm; height, 3.5 cm; Pioneer Plastics, Inc., Dixon, KY) lined at the bottom with a moistened Þlter paper disc (VWR International, Cleveland, OH) and Þlled with a mixture of moistened pine and hardwood mulch. The young queen was removed for microscopic examination after 33 and 67 d for the OSU and Jackson colonies, respectively. The primary pair (queen and king) from two 5-yr-old laboratory colonies (B3 [outbred] and C11 [inbred]) was used for comparison. These imagos originated from Columbus, OH.
Histological and Histochemical Procedures for Light Microscopy (LM). Imagos were stored in G-P Þxative (3% glutaraldehyde, 2% paraformaldehyde in 0.1 M potassium phosphate buffer, pH 7.4) until further processing. These termites later were placed for 48 h in the following Þxative: seven parts absolute ethanol, one part 37% formaldehyde, one part chloroform, one part acetic acid, and Þve drops dimethyl sulfoxide. Specimens were dehydrated in 70% ethanol for 16 h, then in 85 and 95% ethanol for 1 h each, followed by two changes of 100% ethanol for 1 h each. They were inÞltrated with xylene for two changes of 30 min each; one change of parafÞn for 1 h, and fresh parafÞn overnight. Specimens were then embedded in parafÞn blocks, and 7-m cross sections were cut using a Shandon Finesse 325 rotary microtome (Thermo Fisher ScientiÞc, Waltham, MA).
Thick sections were stained following the protocol of the periodic acid-Schiff (PAS) staining system (Sigma, St. Louis, MO). The PAS test has been widely used for detection/demonstration of mucopolysaccharides (Kiernan 1990 ). When treated with periodic acid, cells or cellular components containing glycols are oxidized to aldehydes. After reacting with SchiffÕs reagent, tissues containing glycols are stained dark pink/red and the nuclei are stained blue.
Sections were photographed with a converted microscope (Olympus Imaging America Inc., Center Valley, PA) to determine whether each femaleÕs spermatheca and each maleÕs testes contained sperm. In addition, the femalesÕ longest oocyte and the diameter of the recurved tip of the spermatheca were measured. The length of the longest testicular lobe in males was measured. All measurements were made from sectioned material. In total, six female ßown alates (Galena and OSU site), Þve unßown female alates (OSU site), four unßown male alates (OSU site), three 33-d-old queens (OSU site), and two 5-yr-old queens and kings were examined.
Transmission Electron Microscopy (TEM). Imagos were held in G-P Þxative, viewed under a stereomicroscope, and a sharp razor blade was used to sever the terminal third of the abdomen from each. The abdominal specimens remained in the Þxative for 2 d or longer, and then they were washed in 0.1 M potassium phosphate buffer, pH 7.4, postÞxed for 2 h in 1% osmium tetroxide, washed in distilled water, and stained overnight in 5% uranyl acetate in distilled water. Further processing, including dehydration and embedding, was done according to Ammar et al. (2004). Ultrathin sections were stained in uranyl acetate and lead citrate and examined with a Hitachi 7500 or FEI Tecnai G2 Bio electron microscope. Ten female imagos from the Jackson site, including two unßown alates, three ßown alates, and Þve 67-d-old queens, were examined by TEM.
Statistics. General linear models were used with imaginal type as a Þxed factor for all measured characteristics and with signiÞcance determined at ␣ ϭ 0.05. The adjusted mean of each characteristic for each type of imago was compared using the Tukey adjustment for multiple comparisons. The statistical tests were performed using MINITAB, version 14 (Minitab Inc. 2003) . The largest terminal oocyte length, spermatheca length, and abdomen width were the variables examined for female imagos, including unßown alates, ßown alates, 33-d-old queens, and 5-yr-old queens.
Results

Spermatozoa and Secretions in the Spermathecal
Lumen of Female Imagos. No spermatozoa were observed in the spermathecae of alates, whether newly ßown or unßown. However, spermatozoa were present in each female imago paired with a male imago, including queens in the 33-d-old and 67-d-old incipient colonies as well as in the 5-yr-old colonies. Each of the three 33-d-old incipient colonies contained eight to 11 eggs; a larva also was present in one colony. Both of the 5-yr-old colonies contained thousands of immature termites.
A uniformly stained secretory-like material in the spermathecal lumen of R. flavipes virgin alates was observed using LM ( Fig. 1A and B) . In female ßown alates, this substance exhibited a strong PAS reaction as evidenced by its dark red color (Fig. 1A) . This reaction indicates that mucopolysaccharides were abundant thereby conÞrming that this is a secretion. However, no deÞnitive PAS reaction was evident in the spermathecal lumen of unßown female alates (Fig.  1B) . In mated queens ( Fig. 2A and B) , the presence of darkly stained spermatozoa, similar to those found in the testis (Fig. 3) , apparently obscured the observance of any possible PAS reaction in the spermathecal lumen. However, using TEM, semiopaque secretory material was observed in the spermathecal lumen of unßown and ßown alates and young mated queens (Fig.  4AÐC) . TEM also revealed similar semiopaque material in the ductules opening into the spermathecal lumen (Fig. 4C) .
Size of Abdomen and Reproductive Organs. The average size of the abdomen and reproductive organs among various types of female imagos is shown in Table 1 . The abdomen of the 5-yr-old queens was signiÞcantly longer than that of unßown alates (T ϭ Ϫ4.027, P ϭ 0.008), ßown alates (T ϭ 5.655, P Յ 0.001), and 33-d-old queens (T ϭ Ϫ3.471, P ϭ 0.02). Although the two 5-yr-old queens also had the widest abdomens, no signiÞcant differences in abdomen width were evident. SigniÞcant differences in terminal oocyte length were evident only for unßown alates (T ϭ Ϫ3.884, P ϭ 0.01); oocytes of queens and ßown alates were Ϸ2 to 3 times longer than those of unßown alates, respectively (Table 1) . Female imagos showed no signiÞcant differences in the diameter of the recurved tip of the spermatheca, although the average value for unßown alates was the smallest (Table 1) .
Although there was not much difference in the abdominal dimensions of 5-yr-old kings and unßown male alates, the kingsÕ testicular lobes were nearly two times larger than those of unßown alates (Table 2) . Spermatozoa were observed in the testicular lobes of all of these male imagos (Fig. 3) . The small sample size of males precluded any meaningful statistical analyses.
Discussion
No spermatozoa were observed in the spermathecal lumen of any R. flavipes unßown alates and ßown alates either by LM (Fig. 1) or TEM ( Fig. 4A and B) . These data support the presumption that imagos do not mate in their natal nest, and they are consistent with previous Þndings that mating and insemination do not occur at the time of swarming (Dean and Gold 2004) .
In the current study, a uniformly staining mucuslike substance was observed in the lumen of the sper- mathecae of virgin alates and mated queens of R. flavipes. The intense PAS reaction (Fig. 1A) indicated that the substance was a mucopolysaccharide. This is the Þrst study to conÞrm via histological staining that termites possess a mucopolysaccharide secretion in the spermathecal lumen. This secretion may serve as a sperm energy source as has been reported in some other insects. Davey and Webster (1967) reported a secretion in the spermathecal lumen of virgin females of hemipteran bugs, Rhodnius prolixus Stål. This substance showed a strong PAS reaction and the intensity of staining was undiminished after digestion with saliva or diastase. Based on these results, the researchers concluded that the secretion contained a polysaccharide component, and they proposed that this secretion may act as a sperm energy source to keep sperm motile. They also provided evidence that neurosecretory cells controlled production of this secretion in Rhodnius females. After neurosecretory cells were removed, no secretion was produced in the spermathecae and the spermatozoa became motionless and Þ-nally died.
Similar carbohydrate secretions have been found in the spermathecae of a mosquito, Aedes aegypti (L.) (Clements and Potter 1967) , and a grasshopper, Melanoplus sanguinipes (F.) (Ahmed and Gillott 1982) . These secretions likewise are thought to function as a sperm energy source to keep sperm motile. Bhatnagar and Musgrave (1971) found phospholipid materials in the secretion of the spermathecal gland of female Sitophilus granarius (L.) weevils. They suggested that spermatozoa might use these phospholipids as a source of oxidative energy for endogenous respiration.
In our study, using LM, a strong PAS reaction was evident in the spermathecal lumen of ßown alates (Fig. 1A) but not in unßown alates (Fig. 1B) . However, TEM revealed semiopaque secretory material in the spermathecal lumen and associated ductules of unßown alates and ßown alates as well as mated queens (Fig. 4) . This suggests that such a secretion is found in all of these female imagos, but perhaps at different concentrations, some of which may be too low to be detected by PAS or LM. Also, we do not know when the Þnal molt to the imaginal stage occurred, and the age of these unßown alates may be a factor affecting the quantity or chemical composition of this secretion and its ability to be detected by the PAS technique.
Although Costa-Leonardo and Patricio (2005) reported that various termite species did not possess a secretion in the spermathecal lumen, their methodology unfortunately does not specify sample sizes and whether unßown alates or ßown alates were examined using LM. Our study indicates the importance of precisely specifying which imaginal type is being investigated because R. flavipes ßown alates possessed a spermathecal secretion that showed a deÞnitive PAS reaction whereas unßown alates did not. Although Costa-Leonardo and Patricio (2005) reported that R. virginicus imagos and C. gestroi imagos and queens were devoid of a spermathecal secretion, more deÞn-itive studies to conÞrm or deny a spermathecal secretion in these two rhinotermids are necessitated.
As expected, unßown alates showed the least reproductive development among the different types of female imagos in that they had the smallest terminal oocytes and spermathecae (Table 1) . Our Þndings that the longest oocyte of an R. flavipes swarmer tripled in size after dealation mirror those of Dean and Gold (2004) . Greenberg and Stuart (1979) found that alates of Zootermopsis angusticollis (Hagen), while still in the colony, did not show ovarian development, and also that vitellogenin, an egg yolk precursor protein, was present at low levels in the hemolymph. However, after alates were artiÞcially dealated and paired, vitellogenin levels rose and ovaries developed.
Termite imagos undergo "postadult" growth. Snyder (1920) reported that in the R. hesperus colony, the abdomen of the queen became distended due to ovarian development. We observed that 5-yr-old R. flavipes queens had signiÞcant longer, but not wider, abdomens than incipient queens and alates (Table 1) . Snyder (1920) also indicated that the abdomen of the R. hesperus king slightly increased in size due to inßation with body fat. In our study, which was limited due to its small sample size, unßown male alates and 5-yr-old kings of R. flavipes had similar abdominal dimensions, although the kingsÕ reproductive organs were much larger (Table 2) . It has been suggested that in the initial stages of colony foundation, once the young termite queen lays a clutch of eggs, oviposition ceases for a period of time. Egg deposition resumes only after most of the offspring hatch or become capable of performing some basic tasks (Grassé 1942 , Lenz 1987 ). In the current study, terminal oocytes of 33-d-old R. flavipes queens (mean ϭ 203 m) were smaller, albeit not signiÞcantly so, than those of ßown alates (357 m) and 5-yr-old queens (273 m) ( Table 1) . Each of the three primary reproductive pairs from the OSU site was maintaining slightly less than a dozen eggs in an incipient colony. It is likely that these young R. flavipes queens had Þnished depositing their initial clutch of eggs and were in a "resting stage." The contrasting observations of Dean and Gold (2004) that 10-d-old queens of R. flavipes, which had laid one to two eggs, had signiÞ-cantly larger oocytes than ßown alates could indicate that age differences are an important consideration.
It is likely that young R. flavipes queens cannot continuously produce eggs over a prolonged period. Whitman and Forschler (2007) observed that newly mated R. flavipes queens in 18-mo-old laboratory colonies laid eggs in batches over the course of weeks rather than daily such as in newly mated C. formosanus pairs, which produced one to two eggs per day in the Þrst oviposition cycle (Raina et al. 2003) . However, older C. formosanus queens also exhibit similar cyclic oviposition activity (Raina et al. 2003) . These researchers observed oviposition cycles of C. formosanus primary pairs during a 2-yr period, and they recorded four distinct reproductive cycles, with each oviposition period followed by a lag phase during which the ovaries and testes were reduced in size. If this also applies to R. flavipes, it could account for the current observation that 5-yr-old queens had somewhat smaller terminal oocytes than ßown alates. Furthermore, this result simply may be a product of the small sample size of older queens (n ϭ 2) used in this study.
Our study further indicates the importance of precisely specifying which imaginal type is being investigated. Although female unßown alates, ßown alates, and queens all are technically imagos, they exhibit different reproductive characteristics.
